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DFTAbstract In this study, oxygen molecule adsorption on the surface of aluminum at various posi-
tions (top, bridge, and central sites) was studied, and the binding energies of oxygen species
adsorbed on aluminum were calculated using density functional theory (DFT) within the general-
ized gradient approximation (GGA). The potential of the adsorption of oxygen on aluminum was
examined as a function of both surface coverage and adsorption site. The relative stabilities of oxy-
gen chemisorptions were independent of both the transition metal surface and surface coverage.
That is, oxygen exhibited insigniﬁcant selectivity with respect to positions on the metal surface.
Our data O2/Al surface chemisorptions revealed that the stables model for oxygen adsorption
was that on the top site. The top site approach is important for the chemisorption processes because
the adsorption energy for this model was lower than for the other sites. The paper presents the
results of quantum chemical calculations using density functional theory method for adsorption
of O2 molecules on Al (100) surface at cubic structure with LANL2DZ, SDD and 6-31G
* basis sets.
We can extract energetic information about the stability of adsorption O2 on aluminum surface and
calculation adsorption energy.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.
Open access under CC BY-NC-ND license.1. Introduction
Reactivity of elemental metal surface is under study both
experimentally and computationally for many metals(Thomas and Thomas, 1997). The motivation for such
studies is the fundamental in sight on the reactivity and
chemical properties of such surface (Thomas and Thomas,
1997). So experimental and theoretical studies of
chemisorptions on vicinal surface are of great current
interest due to close connection catalytic substrate
(Mollaamin et al., 2008a).
The adsorption of gases on metal surface studied in the past
year. So adsorption of CO on Al2O3 has been the subject of
several experimental studies in the past 15 years (Pykavy
et al., 2001) or oxidation of pure Cu (100) has been studied
both simultaneously (Puisto, 2004) and experimentally by
many people.
Figure 1 (a) The cubic structure of Al (100), high symmetry of
O2 adsorption (b) vertical and (c) horizontal top sites on Al (100),
high symmetry of O2 adsorption (d) vertical and (e) horizontal
bridge sites on Al (100), and high symmetry of O2 adsorption (f)
vertical and (g) horizontal center site on Al (100).
Table 1 Optimized parameter of adsorption of O2 on Al (100)
at the P/LANL2DZ, 6-31G* for vertical top site.
Vertical top site
Rd
a R (O‚O) A˚ Eads (eV)
b
0.5 1.21 965.50
0.8 1.21 1356.50
1 1.21 611.74
1.2 1.21 138.47
1.4 1.21 78.33
1.55 1.21 143.45
1.6 1.21 147.02
1.65 1.21 161.36
1.8 1.21 164.62
1.9 1.21 158.45
2 1.21 149.14
2.1 1.21 139.00
1.8 1.41 191.26
1.8 1.61 187.39
1.8 1.81 171.53
1.8 2.01 145.76
1.8 2.21 139.28
1.8 2.41 129.10
1.8 2.61 117.59
0.5 1.41 2512.46
0.8 1.41 810.34
1 1.41 328.05
1.3 1.41 47.43
1.6 1.41 184.88
1.8 1.41 191.26
2.1 1.41 162.42
2.4 1.41 27.11
2.7 1.41 100.62
3 1.41 85.71
a Distances of oxygen molecule from the chromium surface.
b Eads = E(O2/Al (100)E(O2)E(Al (100)).
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work was reported on the characterization of aluminum and
aluminum oxide. Tonetto et al. (2003) study a combined theo-
retical and experimental study of NO decomposition on Pd
and Pd–Mo catalysts. The adsorption of oxygen on transition
metal surface has been studied by using a wide range of tech-
niques and methods because of its interest for both basic andapplied problems in surface science in the past several decades
(Thomas and Thomas, 1997). Bagus and Illas (1990) predict
the chemisorption of O/Cu (100) by using a Cu5O cluster
and ab initio self-consistent ﬁeld approach. Legare presents
the results of ab initio calculations of oxygen atomic
adsorption in a range of coverage on Pt (111) or Xiang-Lan
et al. (2008) studies of O2 adsorption and dissociation on
CuAl2O4 (100) surface and Masahiro et al. (2004) studies
adsorption properties of gases on aluminum silicate.
The most applicable techniques are on low-energy electron
diffraction (LEED) (Xu et al., 1991; Kuhlenback et al., 1992),
angular resolved ultraviolet photoelectron spectroscopy
(ARUSP) (Xu et al., 1991; Kuhlenback et al., 1992) and infra-
red spectroscopy (Davydov, 1990; Scarano et al., 1996; Zaki
and Knozinger, 1987; Hadjiivanov and Busca, 1994; Ecchina
et al., 1996).
In this work, we prepared aluminum and presented theoret-
ical electronic and geometry study adsorption of O2 on Al
(100) surface. For studies and calculations of adsorption, we
used density functional theory (DFT) approaches method.
The purpose of this work is to undertake DFT calculations
for oxygen adsorption for the Al (100) by the use of small
nanoclusters consisting of several metal atoms as the models
of crystal surfaces, to examine the validity of small nanostruc-
ture models, and to ﬁnd effects of such barriers on the
adsorption.
Table 2 Optimized parameter of adsorption of O2 on Al (100)
at the P/LANL2DZ, 6-31G* for horizontal top site.
Horizontal top site
Rd
a R (O‚O) (A˚) Eads (eV)
b
0.5 1.21 11,251.57
0.8 1.21 1801.18
1 1.21 544.92
1.2 1.21 89.94
1.4 1.21 68.42
1.6 1.21 116.02
1.8 1.21 121.81
1.85 1.21 132.35
1.9 1.21 122.11
2 1.21 120.91
2.1 1.21 119.04
2.2 1.21 117.16
1.85 1.41 132.35
1.85 1.52 130.24
1.85 1.61 124.11
1.85 1.81 115.99
1.85 2.01 108.19
1.85 2.21 100.99
1.85 2.41 93.42
0.5 1.41 11,169.02
0.8 1.41 1738.23
1 1.41 501.42
1.2 1.41 67.69
1.4 1.41 83.38
1.6 1.41 132.38
1.85 1.41 132.37
2 1.41 121.91
2.3 1.41 98.43
2.6 1.41 83.64
3 1.41 75.59
a Distances of oxygen molecule from the chromium surface.
b Eads = E(O2/Al (100)E(O2)E(Al (100)).
Table 3 Optimized parameter of adsorption of O2 on Al (100)
at the P/LANL2DZ, 6-31G* for vertical bridge site.
Vertical bridge site
Rd
a R (O‚O) (A˚) Eads (eV)
b
0.5 1.21 67.46
0.8 1.21 154.81
1 1.21 192.45
1.1 1.21 203.29
1.2 1.21 209.03
1.4 1.21 207.47
1.21 1.31 229.67
1.21 1.41 235.68
1.21 1.71 229.31
1.21 1.81 211.93
1.21 2.01 220.62
1.21 2.5 216.42
0.5 1.41 114.57
0.8 1.41 187.26
1 1.41 220.57
1.1 1.41 230.64
1.2 1.41 236.30
1.25 1.41 237.61
1.3 1.41 237.96
1.5 1.41 231.33
1.8 1.41 202.80
2.1 1.41 169.03
2.4 1.41 133.91
a Distances of oxygen molecule from the chromium surface.
b Eads = E(O2/Al (100)E(O2)E(Al (100)).
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All the presented theoretical results in this paper were obtained
by means of quantum chemical embedded cluster calculation.
It is well known that the generalized gradient approximation
(GGA) is needed to give an accurate description of energetic
of bulk Al phases and the cluster fragment are considered as
a doublet molecules with partitioning of the basis sets for O
atoms described by the standard 6-31G* basis set. But for alu-
minum, the standard LANL2DZ basis set is used (Mollaamin
et al., 2008b).
Aluminum has the cubic structure with a lattice constant of
2.88 A˚ and every metal layer contains ﬁve Al atoms is shown in
Fig. 1(a). The one molecule O2 per unit cell is allowed to
approach the Al (100) surface along three different symmetri-
cal sites:
1. Directly on top of an Al atom (top site).
2. On the middle of two nearest neighbor Al atoms (bridge
site).
3. In the center of the smallest unit structures of the surface
(center site).
4. For geometry optimization, the computations are per-
formed by the Gaussian 98 package.3. Results and discussion
At ﬁrst, we studied the clean bare cluster Al (100) with O2 mol-
ecule. The structure of the clean Al (100) surface is shown in
Fig. 1(a) and the distance between the metals is 2.88 A˚. We
considered O2 molecules in unit cells that contain ﬁve Al
atoms. O2 adsorption on the clean surface of aluminum was
followed for Al (100) surface. To O2 molecule was allowed
to approach the Al (100) surface along three different symmet-
rical sites:
1. Directly on top of an Al atom (top site).
2. On the middle of two nearest neighbor Al atoms (bridge
site).
3. In the center of the smallest unit structures of the surface
(center site).
The various conﬁgurations discussed in this paper could be
presented at the surface of an Al (100) sample in equilibrium
with the O2 gas phase.
The interaction energy of the adsorption O2 molecules with
Al (100) surface and so the adsorption energy (ads) of the O2
molecules is computed as
EðadsÞ ¼ EðO2=AlÞ  ½EðO2Þ þ EðAlsurfaceÞ
In this equation, the ﬁrst term is the total energy of the O2/Al
surface super molecule and second along with third terms are
the total energy of separated fragments. In the vertical top site
Fig. 1(b) O2 molecules are allowed to approach the aluminum
Table 4 Optimized parameter of adsorption of O2 on Al (100)
at the P/LANL2DZ, 6-31G* for horizontal bridge site.
Horizontal bridge site
Rd
a R (O‚O) (A˚) Eads (eV)
b
0.5 1.21 76.16
0.8 1.21 141.29
1.1 1.21 169.67
1.2 1.21 170.04
1.3 1.21 167.81
1.5 1.21 154.27
1.6 1.21 146.42
1.8 1.21 130.80
2 1.21 118.32
1.2 1.31 187.72
1.2 1.41 193.84
1.2 1.61 190.62
1.2 1.81 181.83
1.2 2.01 173.79
1.2 2.21 167.65
1.2 2.41 163.23
1.2 2.70 159.12
1.2 3.00 159.62
1.2 3.30 155.07
0.5 1.41 102.23
0.8 1.41 166.19
1 1.41 189.52
1.1 1.41 193.75
1.2 1.41 193.75
1.5 1.41 175.40
1.8 1.41 145.75
2 1.41 124.41
2.3 1.41 96.21
2.8 1.41 80.89
2.9 1.41 75.09
3.2 1.41 73.43
a Distances of oxygen molecule from the chromium surface.
b Eads = E(O2/Al (100)E(O2)E(Al (100)).
Table 5 Optimized parameter of adsorption of O2 on Al (100)
at the P/LANL2DZ, 6-31G* for vertical center site.
Vertical center site
Rd
a R (O‚O) (A˚) Eads (eV)
b
0.5 1.21 87.50
0.65 1.21 88.97
0.7 1.21 109.46
0.75 1.21 104.20
0.9 1.21 78.28
1 1.21 73.40
0.7 1.51 114.66
0.7 1.61 113.27
0.7 1.81 113.27
0.7 2.01 102.52
0.7 2.21 73.40
0.7 2.41 52.47
0.7 2.76 44.27
0.7 3.00 41.48
0.5 1.41 121.64
0.65 1.41 121.19
0.7 1.41 123.62
0.75 1.41 122.90
0.9 1.41 122.64
1 1.41 115.26
1.2 1.41 108.55
a Distances of oxygen molecule from the chromium surface.
b Eads = E(O2/Al (100)E(O2)E(Al (100)).
Table 6 Optimized parameter of adsorption of O2 on Al (100)
at the P/LANL2DZ, 6-31G* for horizontal center site.
Horizontal center site
Rd
a R (O‚O) (A˚) Eads (eV)
b
0.45 1.21 221.22
0.55 1.21 223.87
0.65 1.21 222.83
0.75 1.21 219.18
0.9 1.21 210.23
1 1.21 203.86
1.2 1.21 189.70
1.4 1.21 172.35
1.8 1.21 133.43
2.2 1.21 92.80
2.6 1.21 50.34
0.55 1.31 215.68
0.55 1.41 224.35
0.55 1.61 220.89
0.55 1.81 211.71
0.55 2.61 203.08
0.55 2.21 196.42
0.55 2.41 191.57
0.55 2.70 187.27
0.55 3.00 184.66
a Distances of oxygen molecule from the chromium surface.
b Eads = E(O2/Al (100)E(O2)E(Al (100)).
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calculated.
In the ﬁrst step, optimized distances of oxygen molecule
from the aluminum surface (Rd) for O2/Al (100) surface for
vertical top site is 1.8 A˚ and chemisorptions energy is
164.62 eV. In the next step, chemisorptions in different dis-
tances are calculated with the increase of the distance between
oxygen atoms. In this state, the optimized R (O‚O) is 1.41 A˚
and chemisorption energy is 191.26 eV (Table 1).
In the horizontal top site Fig. 1(c), O2 molecules were
allowed to approach the aluminum surface in different dis-
tances and their chemisorption energy is calculated. The ﬁrst
optimized chemisorption distance (Rd) for O2/Al (100) surface
for horizontal top site is 1.85 A˚ and for chemisorption energy
is 132.35 eV. In the next step, chemisorptions in different dis-
tances were calculated with the increase of the distance
between oxygen atoms. In this state, the optimized R (O‚O)
is 1.41 A˚ and the chemisorption energy is 132.37 eV (Table
2).
For the vertical bridge site Fig. 1(d), O2 molecule was
allowed to approach the Al (100) surface in different distances;
so the optimized distance (Rd) is 1.20 A˚ and the chemisorption
energy is 209.02 eV, while the distance between the oxygen
atoms is 1.21 A˚. In the next step, chemisorptions in the abovementioned distances were calculated with the increase of
distance between oxygen atoms. In this state, the optimized
R (O‚O) is 1.41 A˚ and chemisorption energy is 237.97 eV
(Table 3).
Table 7 Chemisorptions energy (kcal/mol) and equilibrium distance (A˚) of an O2 molecule on Al (100) surface in R (O‚O) 1.41 A˚.
Vertical
top
Horizontal
top
Vertical
bridge
Horizontal
bridge
Vertical
center
Horizontal
center
Chemisorption energy (kcal/mol) 191.26 132.37 237.97 193.74 123.62 224.83
Distance of O2 from the Al (100)
surface (Rd)
1.80 1.85 1.20 1.20 0.7 0.55
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allowed to approach the Al (100) surface in different distances;
so the optimized chemisorption distance (Rd) is 1.20 A˚ and
chemisorption energy is 170.04 eV; while the distance
between the oxygen atoms is 1.21 A˚ (Table 4). In the next step,
chemisorptions in the above mentioned distance were calcu-
lated with increase of the distance between oxygen atoms. In
this state the optimized R (O‚O) is 1.41 A˚ and chemisorption
energy is 193.74 eV (Table 4).
In the vertical center site study Fig. 1(f), O2 molecule was
allowed to approach the aluminum surface in different dis-
tances, thus optimized chemisorption distance and calculated
chemisorption energy are 0.70 A˚ and 109.45 eV, respectively.
In the next step, chemisorption energy in the distance of 0.7 A˚
was calculated with the increase of the distance between the
oxygen atoms R (O‚O), Fig. 1(g). In this state, the optimized
R (O‚O) is 1.41 A˚ and the calculated energy of chemisorp-
tions in this state was 123.62 eV (Table 5).
For the horizontal center site Fig. 1(g), O2 molecule was
allowed to approach the Al (100) surface in different distances;
so the optimized chemisorption distance (Rd) is 0.55 A˚ and
chemisorption energy is 223.87 eV; while the distance
between the oxygen atoms is 1.21 A˚ (Table 4). In the next step,
chemisorptions in the above mentioned distance were calcu-
lated with the increase of the distance between oxygen atoms.
In this state the optimized R (O‚O) is 1.41 A˚ and chemisorp-
tion energy is 224.83 eV (Table 6).
The chemisorption energies in the six cases with the equilib-
rium distance in each case are summarized in Table 7. To
obtain that the chemisorption energies, from these calculations
slightly depended on the orientation and location of an O2
molecule, and the interaction becomes rapidly repulsive as
the molecule approaches the Al (100) surface. The most stable
conﬁguration of O2 was the vertical bridge site; the current cal-
culation shows that the chemisorption energy for it is
237.97 kcal/mol while the optimized R (O‚O) is 1.41 A˚.4. Conclusion
This study concerns quantum chemical modeling behavior of
O2 on Al (100) surface by using density functional theory
(DFT) with P level, basis sets of LANL2DZ, and 6-31G* for
Al and oxygen atoms, respectively. The aluminum metal hasthe body-centered cubic structure, and aluminum cluster has
ﬁve Al atoms used to form the perfect Al (100) surface. Three
possible adsorption sites, top, bridge, and center site were con-
sidered in the calculations. The predicted results show that the
chemisorption energy for the bridge site is considerably stron-
ger than at top and center sites. So the bridge site approach is
important for the chemisorption processes. According to our
calculations, it seems that the pristine Al (100) may be used
as an oxygen storage medium as long as oxygen is adsorbed
on the surface of the Al (100) because of very high binding
energy.
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